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Abstract—This paper proposed a low-cost torque distribution function (TSF) based direct instantaneous torque control (DITC) technique for switched reluctance motors (SRMs) by bus current detection under soft-chopping mode. A three-phase 12/8-pole prototype SRM is employed to analyze the phase currents and operation states, and a new converter connection with bus current sensor placement strategy is presented to replace the phase current sensors in each phase leg. Considering that the conventional bus current contains both the chopping current and demagnetization current, the current sensor is placed in a new bus to remove all the demagnetization currents. In order to obtain the chopping current information from the bus current for DITC implementation, PWM signals with extremely short turn-off time are injected into the lower-transistors to insert the chopping current detection states for brief intervals during each fundamental frequency cycle. The DITC scheme is implemented directly on the detected chopping currents from bus current based on a sinusoidal TSF. The proposed DITC system is more compact and low-cost by using a bus current sensor. The effectiveness of proposed technique is verified by the simulation and experimental results.

I.	Introduction
Switched reluctance motors (SRMs) have been considered as a potential candidate from industry and researchers in automotive applications among other electrical machines [1]-[5]. The motor has a simple structure and robust construction due to the absence of rare-earth-based permanent magnets and rotor windings. Hence, it is suitable for low-cost, high-temperature, high-speed and safety-critical applications [6]-[11]. Although the SRM has many advantages competed to other dc or ac machines, one of the main disadvantages is the high torque ripple caused by the current resulting from the switching states. To achieve a low torque ripple SRM drive, the following two issues should be properly concerned: 1) the optimal design of the motor structure; 2) the optimizations of the control scheme. 
Some new methodologies are focused on the improvement of the stator and rotor shapes to minimize the undesired torque ripple [12]-[15], whereas they are not adapted to variable control schemes. In the aspect of the control issues, the main approaches of torque ripple reduction for SRM drives can be roughly categorized into three fundamental control methods, which are angle optimal method, current profiling based method, and torque control method. In [16], the turn-on and turn-off angles are optimized to improve the motor efficiency and torque ripple under current hysteresis control. However, the current and torque in the chopping region can not be freely controlled at the desired reference to smooth the torque ripple. In [17], techniques to develop a new hysteresis current controller to track the reference phase current is proposed. Modulation of the phase current profiles to find the required profiles for generating torque is focused in [18]-[20], based on machine characteristics  and control algorithms. However, the current profiling based method need a large memory to store the current profiles, which is also sensitive to dynamic parameter variations.
In order to obtain a constant output torque to deal with the torque ripple problem, the instantaneous current or torque of each phase should be instantaneously and independently controlled. Conventionally, average torque control (ATC) [21], direct torque control (DTC) [22]-[29] and direct instantaneous torque control (DITC) [30]-[32] strategies are employed to minimize the torque ripple. Torque sharing function (TSF) with hysteresis controller are usually used to implement the torque control schemes for torque ripple reduction in SRM drives. The desired torque of each phase is defined from a TSF to make the sum of phase torques be equal to the total expected torque. If the torque-current-rotor position (T-i-θ) characteristics of the prototype motor are obtained previously, the reference phase current or phase torque waveform can be derived according to the predefined torque profile. The principle of DITC is based on the philosophy of DTC, which is gaining interest in the torque ripple reduction due to the reacting against the torque error instantaneously by the torque hysteresis controller, achieving a more easily controlled torque ripple. The improvements of the nonlinear logical TSF for SRMs are developed in [24]-[28] to make the torque sharing between two phases be more smooth to produce continuous and constant total torque. A novel Lyapunov function-based DTC scheme is presented in [29] to reduce the torque ripples based on nonlinear model of SRM. In [30], a method to control the instantaneous torque is proposed by controlling the co-energy of the SRM, which is estimated using on-line motor terminal voltage, current and the low current inductance profile. An online DITC technique for SRMs by implementing a torque hysteresis controller is presented in [31] without any current loop, offering a wide drive operating range and high robustness against varying input quantities such as torque, speed, and voltage. In [32], a four-quadrant SRM drive based on DITC scheme is proposed for high dynamic and low torque ripple applications. 
Phase current detection is an important component in motor drives, and accurate torque control requires accurate current tracking. Advanced phase current detection schemes with different current sensor placements have been investigated in [33]-[36] for different motor drives to achieve more reliable and low-cost products. In [36], a low-cost DTC algorithm for induction motors is proposed using the current information obtained from the dc current with only one shunt resistor.
This paper presents a low-cost bus current detection based DITC scheme for SRM drives under soft-chopping mode. Based on the analysis of the phase currents and drive signals, a pulse width modulation (PWM) injection mode is presented to insert the current detection states to obtain the chopping current information from the bus current. A sinusoidal TSF is employed to define the desired phase torque reference for constant torque output. The instantaneous phase torque is directly regulated through a torque hysteresis controller by comparing the desired phase torque and the instantaneous phase torque which is obtained from the prestored torque characteristics of the prototype machine. With this proposed scheme, the DITC algorithm can be implemented directly by using the detected chopping current from the bus current with a bus current sensor, achieving a more compact and low-cost torque controlled motor drive. 

II.	SRM Drives and DITC Scheme 
A.	SRM Drive under Soft-Chopping Mode
An asymmetric half-bridge converter is usually used for SRM control due to its inherent characteristics of phase isolation and fault-tolerance ability. As illustrated in Fig. 1 (a), each phase can be controlled independently by upper- and lower-transistors. If one phase leg is broken down, the other phases can still work to provide continuous torque. The phase legs are independent of each other, providing good control flexibility and fault tolerance ability. For high performance control, the phase current detection component is very important in SRM drives. Normally, a current sensor such as a Hall-effect sensor is placed in each phase leg across the phase winding to sample the phase current for motor control. 
Taking phase A for example, when transistors S1 and S2 are turned on, the bus voltage is connected to the phase winding and current flows through the phase winding and transistors to generate the positive torque, as shown in Fig. 1(b). To provide continuous torque, the driving transistors should be controlled successively. To prevent excessive production of negative torque, the exciting current should be rapidly reduced to zero at the aligned position. When S1 and S2 are both turned off, the magnetic energy stored in the phase winding flows rapidly through the diodes D1 and D2, and the magnetic energy feed back to the power supply, as shown in Fig. 1(d). 
Hard chopping is a control method that both transistors are turned on and off together to implement the chopping control. It has two switching states in the chopping region, as shown in Fig. 1(b) and (d), and the voltage applied to the phase winding switches between the positive bus voltage +Ubus and negative bus voltage -Ubus. It generally produces more electrical noise and current ripples. Hence, a soft chopping mode that the upper- transistor chops and lower-transistor remains on in the chopping region is usually employed to control the phase current [37]. In this mode, if the upper- transistor is used as the chopping transistor, when S1 is off and S2 is on, the current flows in a lower zero-voltage-loop (ZVL) though S2 and D2, as shown in Fig. 2(c). Similarly, if the lower- transistor is used as the chopping transistor, when S1 is on and S2 is off, the current flows in an upper ZVL though S1 and D1. The voltage applied to the phase winding in the chopping region under soft chopping mode switches between +Ubus and zero.


(a) Converter circuit and current sensors

          
(b) S1 and S2 are both on                     (c) S1 is off and S2 is on


(d) S1 and S2 are both off
Fig. 1. Asymmetric half-bridge converter and soft-chopping state.

Ignoring the voltage drop on the transistors and diodes, the phase A voltage under soft chopping mode is expressed as follow
                  (1)
where S1 and S2 are the drive signals of the upper-transistor and lower- transistor for phase A leg, Ubus is the supplied bus voltage, and Ua is the phase A voltage.

B.	TSF based DITC 
Neglecting the saturation and mutual flux coupling of the SRM, the electromagnetic torque of kth phase is given by (2), and the phase current is derived according to the phase torque.
                            (2)
where Tk is the torque produced by kth phase, ik is the kth phase current, θ is the rotor position, and L(θ, ik) is the kth phase inductance depending on the rotor position and phase current.
The profiles of the linear TSF and the sinusoidal TSF in a three-phase SRM are shown in Fig. 2. The torque reference of incoming phase is rising to total torque reference, and the torque reference of outgoing phase decreases to zero during commutation. Clearly, no more than two simultaneous phase torques are contained in the overlapping region



Fig. 2. Typical profiles of linear and sinusoidal TSF.

The reference torque of the phase k is defined as
     (3)
where Tk_ref is the reference torque for phase k, frise(θ) is the rising TSF for the incoming phase, ffall(θ) is the decreasing TSF for the outgoing phase, Te* is the total torque reference, and θon, θoff, θov, and θp are the turn-on angle, turn-off angle, overlapping angle, and pole pitch, respectively.
The pole pitch is defined as 
                                    (4)
where Nr is the number of rotor poles. 
Therefore, the desired output torque could be theoretically controlled at a constant value according to the sum of the defined torque of each phase, given by
                               (5)
The sum of torque reference for incoming phase and outgoing phase is the total torque reference, and thus the rising TSF is in the correlation with the decreasing TSF, given by
          (6)
According to the torque sharing curve in the overlapping region, the conventional TSFs can be classified as linear, exponential, cubic, and sinusoidal TSF [25]. Taking sinusoidal TSF for example, the rising TSF and decreasing TSF are given by
                  (7)
                  (8)
Fig. 3 shows the torque control block diagrams with TSF method for three-phase SRM drives. As for DTC in Fig. 3(a), the torque reference is derived from a speed controller, and divided into desired torque of each phase though the TSF block with respect to the rotor position. The individual torque references are imported into a prestored look-up table including current-torque-rotor position (i-T-θ) characteristics to look for the current reference and compare with the sampled phase currents to implement the current hysteresis control. In regard to DITC in Fig. 3(b), the instantaneous torque of each phase is obtained from prestored torque-current-rotor position T-i-θ characteristics in a look-up table by detecting the instantaneous phase current. The instantaneous torque is directly compared with the torque reference to implement the torque hysteresis control. 
Compared to the DTC scheme, there is no need to transform the torque reference to current reference, and the torque is directly regarded as a control variable with no current loop in DITC scheme. Switching signals are directly generated from the comparison results between the reference torque and the estimated torque by means of a torque hysteresis controller. Since the instantaneous torque is directly controlled, the torque ripple can be minimized [31]-[32]. Therefore, in this paper, the sinusoidal TSF based DITC scheme is considered to implement the developed low-cost torque regulation scheme. 







(a) DTC-based closed-loop system



(b) DITC-based closed-loop system.
Fig. 3. Block diagram of torque control scheme for three-phase 12/8-pole SRM





III.	Proposed DITC Scheme with Bus Current Detection
The two consecutive phase currents are commonly overlapped in the chopping region, as shown in Fig. 4. ia, ib, ic are the currents for phase A, B and C; S1, S3, S5 are the drive signals for the chopping transistors; S2, S4 and S6 are the drive signals for the non-chopping transistors; θ1 is the turn-on angle of phase B, θ2 is the turn-off angle of phase A, θ3 is the turn-on angle of phase C, θ4 is the turn-off angle of phase B, and θ5 is the current disappearing angle of phase A.
Taking phase B current for example, the whole phase current region can be divided into four groups. As illustrated in the figure, Region I is the overlapped region of chopping currents of phase A and B, Region II is the overlapped region of demagnetization current of phase A and chopping current of phase B, Region III is the overlapped region of chopping currents of phase B and C, and Region IV is the overlapped region of demagnetization current of phase B and chopping current of phase C. 


Fig. 4. Relationship of the phase currents and drive signals.

It is known that only the chopping current should be used to implement the current control method. Hence, the excess demagnetization current information of each phase could be removed from the bus current. If in this condition, there is only the chopping current of phase B and phase C in Region II and IV, respectively, which are not regarded as the current overlapping regions. To achieve a bus current without the demagnetization currents, the conventional converter circuit should be made a little change, and the new bus current sensor placement schemes are present in Fig. 5, according to the chopping transistor selections. If the lower-transistor is used as the chopping transistor, the current sensor is placed in the upper bus, as shown in Fig. 5(a); and if the upper-transistor is used as the chopping transistor, the current sensor is placed in the lower bus, as shown in Fig. 5(b). 


(a) Current sensor in upper bus


(b) Current sensor in lower bus
Fig. 5. New current sensor placement.

The bus current in the whole phase B current region without the demagnetization currents, i.e., Region I~IV, can be expressed as
                    (9)
Clearly, two regions (Region I and III) should be considered to detect the phase B current from the overlapped currents. Taking the condition of Fig. 5(b) for example, if the lower-transistor of phase A is shut off in a very short time in Region I, the bus current is just the phase B current in the shut off time, and if the lower-transistor of phase B is shut off in a very short time in Region I, the bus current is just the phase A current in the shut off time, given by
                   (10)
In Region III, if the lower-transistor of phase C is shut off in a very short time, the bus current is just the phase B current in the shut off time, and if the lower-transistor of phase B is shut off in a very short time, the bus current is just the phase C current in the shut off time, given by
                     (11)
Therefore, the phase B current can be completely obtained in the chopping region. To insert this detection state, a PWM injection mode is presented for the chopping current detection. The two injected PWM signals have the same frequency and duty cycle, and some phase-shift time between each other, as shown in Fig. 6(a). The inserted detection state, i.e., the turn-off time of the PWM, should be extremely short to reduce the influence on the instantaneous phase current and torque. Fig. 6(b) presents the schematic of the injected PWM signals (PWM1 and PWM2) for three-phases. In order to detect the phase B current in Region I, PWM1 is injected into the lower-transistor of phase A, and an A/D converter should be triggered in the low (​javascript:void(0);​) level of PWM1 to sample the phase A current. Similarly, in order to detect the phase B current in Region III, PWM2 is injected into the lower-transistor of phase C and another A/D converter should be triggered in the low (​javascript:void(0);​) level (​javascript:void(0);​) of PWM2 to sample the phase A current. The sampled bus current in region II is directly the phase B current. Based on this strategy, the phase B current in the whole chopping region can be easily obtained. However, in Region I and III, the phase A and phase C currents still need to be detected and separated from phase B current by inserting another detection state. Hence, as shown in Fig. 6(b), PWM2 and PWM1 signals are injected into the lower-transistor of phase B in Region I and III, respectively, and the A/D converters are triggered in the low level of PWM2 and PWM1, respectively, to detect the overlapped chopping currents of phase A and C. 
By detecting the real-time chopping current of each phase under PWM signals injection, the DITC scheme can be directly implemented by bus current detection under soft-chopping mode without any strain. 


(a) Inserted detection states



(b) Injected PWM signals in the lower-transistors for phase A, B and C
Fig. 6. Schematic of the injected PWM signals and inserted detection states.

IV.	SIMULATION VERIFICATION
To verify the proposed method, a TSF-DITC based SRM drive model is implemented in Matlab/Simulink. A 750W, 1500 rpm and three-phase 12/8-pole prototype SRM is employed to build the system model. The torque-current-rotor position and flux-current-rotor position characteristics of the prototype motor are both obtained from ANSOFT software, and implemented in the SRM simulation model, as shown in Fig. 7(a) and (b). The whole DITC based simulation model of the SRM drive is shown in Fig. 7(c). Asymmetric half-bridge converter with the new connection is used to simulate SRM operation. The PWM generator is used to give the PWM signals for PWM injection model. The phase shift between the two PWM signals is realized by a transport delay module. A sinusoidal TSF is designed to give the divided phase torque reference of each phase. The phase current and rotor position are imported into a look-up table including the T-i-θ characteristics to obtain the instantaneous phase torque to compare with the phase torque reference in a torque hysteresis controller. The chopping signals are generated from the hysteresis controller to drive the upper-transistors, and the PWM signals are injected into the corresponding phases to drive the lower-transistors for chopping current detection from the bus current. The frequency and duty cycle of the injected PWM are set to 20 KHz and 95%, respectively, and the phase-shift time is set to 25 μs. The bus voltage is set to 60 V to drive the converter circuit, and the torque hysteresis band is set to 0.1 N·m.



(a) T-i-θ characteristic                           (b) ψ-i-θ characteristic


(c) DITC based simulation model
Fig. 7. Simulation models of the SRM drive.

Fig. 8 shows the simulation results of PWM injection in DITC system for chopping current detection from bus current at 300 rpm and 1 N·m torque reference. In the figure, ia, ib, ic and ibus are the phase A, phase B, phase C and bus currents respectively; S2 and S6 are the drive signals in lower-transistors of phase A and C; Ta, Tb, and Tc are the instantaneous torques of phase A, B and C which are estimated from the look-up table; Ta_ref, Tb_ref, and Tc_ref are the torque references of phase A, B and C that designed from the sinusoidal TSF; and Ttotal is the total output torque.
Fig. 8(a) shows the current and torque waveforms in a conventional DITC system, and the instantaneous torque of each phase follows the torque reference well. In order to detect the chopping current of phase B in the overlapped regions between phase A and B and between phase B and C, PWM1 with an extremely short turn-off time is injected into the lower-transistors of phase A in the brief overlapped region, and PWM2 with the same turn-off time is injected into the lower-transistors of phase C in the brief overlapped region during each fundamental frequency cycle to insert the detection states of the chopping currents, as shown in Fig. 8(b). The chopping current profile is obviously obtained from the bus current, and the instantaneous current and torque are not deteriorated under this inserted detection states, which are almost the same as that in the conventional system.

(a) Conventional DITC system

(b) DITC system with PWM injection for chopping current detection
Fig. 8. Simulation results of PWM injection in DITC system for chopping current detection from bus current

V.	Experimental Results
To verify the effectiveness of the propose scheme experimentally, an experimental rig for testing the 750 W SRM prototype is set up, as shown in Fig. 9(a). A dSPACE DS1006 platform is employed for digital implementation of the torque control scheme. A variable dc power supply with 60V voltage is used to drive the converter for SRM control. The asymmetric half-bridge converter which is designed with IGBT and power diodes is used. The connection of the converter circuit is improved to place a current sensor in the bus. A Hall-effect current sensor (LA55P) is used to measure the bus current, and three other current sensors are still used to measure the phase currents for comparison. The rotor position is detected by a 1000-line incremental encoder. A magnetic brake acts as the load for the SRM drive. 
Fig. 9(b) shows the control diagram of the proposed system. A sinusoidal TSF is designed in the program to give the divided phase torque reference of each phase. The instantaneous torque can be estimated online by measuring the real-time phase currents and rotor position to look up for the torque value in a prestored look-up table that includes the T-i-θ characteristics in the program. The torque data in the look-up table is measured by using a rotor clamping device when supplying different steady currents to the motor windings in a rotor position that changes step by step. A proportional-integral (PI) controller is employed to export the total torque reference and regulate the motor speed. The rotor position detector and speed calculator are used to provide the instantaneous position information and speed for feedback control. The instantaneous phase torque, divided phase torque reference and the detected chopping current in the experimental waveforms are observed though a D/A converter. The frequency and duty cycle of the injected PWM are set to 20 KHz and 95%, respectively, and the phase-shift time is set to 25 μs. The sampling frequency of the A/D converter is set to 20 KHZ, which is synchronous with the low level of the injected PWM signal. The torque hysteresis band is set to be 0.1 N·m, and bus voltage to 60 V, following the simulation settings.


(a) Photograph of the setup



(b) Block diagram of the proposed scheme
Fig. 9. Experimental setup.

Fig. 10 shows the experimental waveforms of chopping current detection from bus current at 300 rpm and 1 N·m torque reference. Clearly, the chopping current profile can be accurately obtained by inserting the current detection states and the instantaneous current are not affected by this inserted states. The experiment results of the bus current detection scheme agree well with the simulation results. Fig. 11 shows the experimental waveforms in the implemented DITC system based on bus current detection directly at 1 N·m torque reference, where ib is the detected chopping current of phase B from bus current and Te* is the constant torque reference. By sampling the bus current in the low level of the injected PWM signals, the detected current of phase B in the chopping region tracks the actual phase B current well both at 300 and 800 rpm, as shown in Fig. 11(a) and (b). The instantaneous torque of each phase is estimated by the rotor position and the obtained chopping current from bus current, and it follows well with the torque reference derived from the TSF. The speed in a closed-loop system implemented by the proposed method follows the given speed well, when it rises from 300 to 800 rpm, as shown in Fig. 11(c), presenting a good speed response.


(a) Operation before PWM injection


(b) Operation after PWM injection
Fig. 10. Chopping current detection from bus current.


(a) Currents and torques at 300 rpm


(b) Currents and torques at 800 rpm


(c) Speed response
Fig. 11. Implementation of DITC scheme using detected chopping current from bus current.

VI.	Conclusion
DITC scheme is usually employed in SRM drives to achieve a low torque ripple for better performance. Conventionally, a current sensor should be placed across the phase winding in each phase leg to obtain the phase current information for torque control, which add the test points and cost to the motor system. In this paper, a low-cost TFS based DITC technique for SRMs by bus current detection under soft-chopping mode is proposed. In order to obtained the chopping current of each phase from the bus current, a PWM injection method is presented to insert the chopping current detection states. The given torque reference of each phase is defined by a sinusoidal TSF. The instantaneous torque is estimated online by measuring the real-time chopping current from the bus current and rotor position to look up for the torque value in a prestored look-up table that includes the T-i-θ characteristics. The instantaneous phase torque is regulated through a torque hysteresis controller by comparing the desired phase torque and instantaneous value. With this developed control scheme, the DITC based SRM drive can be more compact and robust for low-cost and high-performance applications. 
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